Abstract-The idea of multidisciplinary design optimization is applied to the solution of the optimization design of oil tankers. The multidisciplinary design optimization model is established according to the multi-objective and multi-constraints characteristics of the design of oil tanker. The optimization model is solved by using the collaborative optimization algorithm, and its solution is completed. The numerical results indicate that the collaborative optimization can be successfully applied to dealing with the efficiency of the optimization design as well as the problems of an oil tanker, which lays a foundation to solve more complex engineering systems.
INTRODUCTION
Multidisciplinary design optimization (MDO) [1] may be the potential development trends for the research and industrial application in ship field. Despite the not very long time for the research of MDO in ship field [2, 3] , it has been realized that MDO applied in the relevant ship-developing process could improve the quality and efficiency of ship design as well as play a decisive role in the future ship design field.
The design of a ship is a typical issue featuring interdisciplinary coupling which touches upon the optimization of integrating many factors like the ship's economy, technical performance, beauty and comfort as well as the navigation safety and environment protection. However, the design of a ship is not a simple accumulation of the designs of the various subsystems, but an interactive and mutually restricting relation in applying various disciplines. On the premise of how to efficiently take these coupling relations into account and how to acquire the optimal comprehensive interests are long-term research works that the ship designers are faced with. The design of a ship will be abstracted as the designs of various disciplines by reasonable decomposition, the mathematical models of ships featuring the multidisciplinary co-design will be established and the various disciplines will be analyzed and solved by adopting effective methods and strategies.
Although the profit of optimizing the scheme of hull form merely accounts for 3%-5% of the total costs, the risks and workload referred is correspondingly the lowest and the rework rate will be reduced effectively. Traditionally, the scheme of ship design is demonstrated from the economic and technical perspectives in terms of the key elements of hull form. However, this paper introduces new Ship Energy and Efficiency Design Index (EEDI) [4] as a consideration factor on the basis of the demonstration of the ship design from the economic and technology perspective and adopts the idea of multidisciplinary design to construct new demonstration methods of the scheme optimization of hull form as well as applies the strategy of Collaborative Optimization (CO) to demonstrate the design of oil tankers, which turns out to be satisfactory.
II. COLLABORATIVE OPTIMIZATION

A. The Basic Ideas of Collaborative Optimization
Proposed by Kroo, Braun et al. of Stanford University through the Compatibility Constraint Optimization Algorithm, the strategy of Collaborative Optimization is a MDO method featuring bi-level optimization structures [5] .
Among the various MDO algorithms, CO algorithm is a popular one. According to the CO algorithm, the original design optimization is decomposed into a systematic optimization and multidisciplinary optimization and by regarding all the state vectors as design vectors, the disciplinary coupling relations are lifted and the multidisciplinary optimization could be independently and paralleled achieved.
CO algorithm makes the MDO issue decomposed into a bi-level hierarchy optimization structure. The top level is a systematic optimization module to optimize the multidisciplinary variables. The systematic optimization module aims at minimizing the systematic aims and satisfying the interdisciplinary constraints. The sub-system optimization module conducts optimization by taking these factors as its aims, like the calculations through the analysis of the subsystems and the minimal variance of the variable subsets of the subsystem design. While conducting optimization, the systematic design variables are considered as fixed values, whereas the interdisciplinary cross variables and disciplinary design variables are set in the analysis of the subsystems. As a rule, to cope with the multidisciplinary compatible constraint, inequality is adopted. In CO algorithm, the subsystems aim at the results of the relevant disciplinary design optimization and the minimization of scheme differences provided by the systematic level. Therefore, the multidisciplinary coupling variables are not necessarily coordinated by the systematic level and the optimal design scheme could be formulated by multiple iterations. 
B. The Solving Process of Collaborative Optimization
The basic solving procedures are as following, shown in figure 2:
Step1. The ideal solutions are calculated to construct the mathematic model of systematic optimization;
Step2. The initial value of design variables are adopted by the systematic level to acquire the initial coordinate value of the instrumental variable Z(systematic variable) which is then delivered to the subsystems;
Step3. After acquiring the initial coordinate value, the instrumental variables ji y and the compatible constraint of the relevant variables are introduced into the various disciplines. Meanwhile, the independent variable xi, the systematic variable x and the instrumental variable ji y are solved; Step4. The optimal value is sent back from the subsystems to the systematic level. Then, the linear combination is conducted by the systematic level to eliminate the incompatibility and the solution Z is obtained in systematic level;
Step5. The comparison between this value and the design variable value previously sent to the subsystems is made. If the difference lies in an acceptable range, the iteration will be finished. Or else, go on to the Step 6;
Step6. After the new coordinate Z is calculated, the variables, previously calculated by the various disciplines, are regarded as the initial value and then the solution is preceded. Afterwards, turn to Step3. 
III. MULTIDISCIPLINARY COLLABORATIVE TANKER DESIGN
A. The Multidisciplinary Design Optimization model of Oil Tanker Design
The core of ship design is the determination of the principal dimension, the ship form index and the main engine, which lays a foundation for linear design and general layout design. To start with, according to the concrete requirements of the task, the ship MDO systematic model, consisting of the three features like technical performance, economic performance and energy efficiency level, is built. Among these features, technical performance mainly takes navigational speed, stability and rolling period as the optimized objectives, the economic performance primarily takes the initial cost, the basic freight rate, payback period and net present value as its objectives and the energy efficiency level takes EEDI as its objective. This model adopts hierarchic multidisciplinary model. Concretely, to meet the requirements of the task and the restrictions with respect to the shipyard, the slipway and the dock, the constraint conditions are formulated, including the design variable interval and the upper and lower bounds of some state variables. Plus, the ship MDO model, reflecting the multidisciplinary parallel design, is established.
The procedures to build the MDO model of ship design are shown as:
Step1. Determine the objective function at the systematic level with the pursuit of the comprehensive optimal scheme integrating the ship's technical performance, economic performance and environmental protection.
Step2. Determine the constraint conditions at systematic level in accordance with the ship dimensions, the requirements of the ship owner and safety considerations.
Step3. Determine the objective functions of the subsystem designs by coming up with a mathematic formula in accordance with the design norms and requirements of the subordinate disciplines along with the decomposition of tasks.
Step4. Determine the exchange relations between the variables and the data. The values of independent variables could be determined in the sub-level tasks while the determination of the coupling variables must be conducted collaboratively and the design requirements of the relevant disciplines should be expressed in constraint conditions. In addition, the state variables refer to the analytic parameters of the subsystems through the analysis of the various disciplines.
B. Systematic Model
The termination standards at the systematic level: 1. Design the objective satisfaction by reaching the set value in the satisfaction function F(X) at the systematic level;
2. When the difference of the parameter vectors obtained after the optimization of two sub systems is less than a fixed value;
3. The frequency of the systematic collaborative optimization is more than a set frequency.
find Lpp, B, T, Cb, MRC
The interdisciplinary coupling relations as the systematic level are shown in figure 3: 
IV. AN APPLICATION EXAMPLE
In accordance with the built MDO model of ship design, a 50000DWT oil tanker is selected as a data context and the MDO strategy is applied to conduct an optimized analysis and calculation of the cased design data. In the light of the general design specification of 50000DWT oil tankers, the length (L pp ) is 186m , the beam (B) is 34m, the draft (T) is 12.5m , the block coefficient (C b ) is 0.8168 and the engine power (MRC) is 9480 kW, the capacity tonnage DW is 52825t and the navigational speed V s is 14.4837kn. The initial value of the systematic variable in correspondence with the general design specification of the oil tanker is: X 0 = (186, 34, 12.5, 0.8168, 9480) T . In figure 4 , the model of optimization using the collaborative optimization strategy, as far as possible to ensure discipline level of satisfaction and the consistency condition of satisfaction at the same time to achieve the optimal value, in the process of collaborative optimization, to make the coupling variables and the aim have a relatively consistent between disciplines. With regard to the different design aims of the designed oil tanker, three sets of numerical data are selected from the weight value parameters both at systematic level and at disciplinary level. As to the selection of weight, the first group of weight value parameters places weight on technical and economic balance while the second group model value parameters emphasizes the reduction of energy efficiency index. And the third group of weigh value parameters represents the objective of the ship design scheme in pursuit of high economic benefits. The CO strategy is adopted to seek the solution of the MDO ship model based on three disciplines. Three groups of weight value parameters are set to meet the design requirements, correspondingly, three sets of form model schemes for the 50000DWT oil tanker are shaped, specifically shown in TABLE Ⅰ , the systematic objective values respectively increased by 3.734%, 8.916%, and 7.93% after the optimization of the systematic objective function. The optimization of the three groups of weight values brings about an ideal result. From the TABLEⅡ, the main indicators of the hull form are demonstrated separately in correspondence to the three sets of form schemes. It is shown that the aim of the first set of form scheme is seeking the balance between the technical performance and economic performance. As a result, all the indexes gained by comparing the initial scheme and other two sets of schemes lie in the middle, which means that along with the ship energy efficiency index up to the standard, the ship's technical performance index and economic performance index is relatively balanced. The second set of form scheme offers a lower new ship energy efficiency index yet the highest cost and the longest payback period in comparison with other two, which is identical to the statistic results of EEDI. As for the third set of form scheme, aiming at pursuing a better economic performance, this set of scheme not only provides the shortest payback period, but also achieves the highest EEDI values.
From the case of 50000DWT oil tanker, the conclusion could be drawn: the application of MDO model could be helpful to work out the optimal ship form scheme in the scheme design phrase in accordance with the demands of ship designers as well as add up some reliable references for design decision. As far as the selection of weight, the first set of ship form scheme attaches importance to the balance between the rapidity and economy. Therefore, the form scheme is optimized with a higher engine power, while the second set of form scheme favors the reduction of EEDI, which makes this scheme a lowers navigational speed, a lower engine power and a higher loading capacity with conformity to the guiding thought of the new ship EEDI. And the third set of form scheme reflects the pursuit of the highest economic benefits. However, the value of EEDI in the third set is relatively high, in excess of the baseline value by 5%, becomes the highest EEDI value acceptable in the model, which reveals that currently, there are still contradictions between the economic benefits and environmental protection.
V. SUMMARY
The optimization of the principal ship characteristics at the initial stage of ship design lays a foundation for the determination of the ship form scheme. For many years, the research in this regard has been continually conducted. It's acceptable and necessary to take the ship MDO as a touching point. This paper apply the MDO concept and construct MDO model of ship scheme design by integrating the technology, economy and environmental protection as well as select different weigh coefficients in accordance with the designer's basic assessment of the current ship form, adopt CO strategy to obtain the satisfactory design scheme and make a proof of the feasibility of MDO model by taking the oil tanker as a case study. As an application and exploration in ship design, the adoption of MDO technology to solve the issue of the optimization of the ship scheme design calls for massive in-depth work.
